Background and objectives Patients undergoing hemodialysis have an elevated risk of cardiovascular diseaserelated morbidity and mortality compared with the general population. Intradialytic hypotension (IDH) is estimated to occur during 20%-30% of hemodialysis sessions. To date, no large studies have examined whether IDH is associated with cardiovascular outcomes. This study determined the prevalence of IDH according to interdialytic weight gain (IDWG) and studied the association between IDH and outcomes for cardiovascular events and mortality to better understand its role.
Introduction
Patients with ESRD undergoing hemodialysis (HD) are at greater risk of cardiovascular (CV) disease-related morbidity and mortality compared with the general population, with published estimates suggesting that the differential risk is as high as 8-to 20-fold (1, 2) .
The higher burden of CV disease-related events may be due in part to episodic tissue hypoxia resulting from intradialytic hypotension (IDH). The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (KDOQI) defines IDH as "a decrease in systolic BP by $ 20 mmHg or a decrease in mean arterial pressure by 10 mmHg associated with symptoms that include abdominal discomfort; yawning; sighing; nausea; vomiting; muscle cramps; restlessness; dizziness or fainting; and anxiety" (3) . On the basis of the KDOQI definition, IDH occurs in approximately 20%-30% of all HD sessions (4) . IDH mainly occurs during dialysis when plasma fluid removal through ultrafiltration outpaces the rate of refilling (5) . Although all patients undergoing HD are at risk of IDH due to the change in blood volume caused by ultrafiltration, some patients are at greater risk, including elderly individuals (aged .65 years), those with diabetes, those who are CV compromised, and those who present with low predialysis systolic BP (,100 mmHg) (6) .
In addition to a reduced sense of well-being caused by the symptoms of IDH, patients who experience IDH have been shown to be at higher risk of mortality (7) .
To date, no large-scale studies have examined whether IDH is associated with CV clinical outcomes. We do know that IDH is related to interdialytic weight gain (IDWG), which has been associated with higher risk of all-cause mortality, CV events, and CV mortality (8, 9) . Greater IDWG implies the need for more rapid fluid removal because dialysis time is essentially fixed for individual patients. Thus, it stands to reason that greater IDWG is related to greater IDH. Therefore, we measured the frequency of IDH according to IDWG, a potentially modifiable variable, and the association between IDH and CV events or mortality.
Materials and Methods
Data were obtained from a large dialysis organization's (LDO's) centralized data warehouse (CDW) and the US Renal Data System (USRDS) claims data. The CDW is the repository for the integrated electronic health records of nearly 150,000 patients with ESRD per year. These health records capture 100% of patient demographic information, laboratory values, dialysis treatment records, insurer, qualityof-life evaluation results, and comorbidity information. Use of in-center HD was defined using CDW data, which provides treatment-by-treatment records of the modality delivered. Comorbidities were assessed based on data from the US Centers for Medicare and Medicaid Services (CMS) Form 2728 (from the USRDS), which is submitted for all patients at the time of dialysis initiation, and supplemented with CMS claims data (from the USRDS) and electronic health record data (from the CDW) to capture comorbidities that manifest between dialysis initiation and the start of the at-risk period. Death data were taken from the CDW.
This study examined patients with ESRD who began incenter HD at the LDO between January 1, 2007, and December 31, 2008, within 30 days of first dialysis. Observation was restricted to patients who remained on in-center HD until the start of at-risk time (day 181 of dialysis to allow for 90 days of equilibration to dialysis followed by an additional 90 days over which exposures were assessed; Figure 1 ). Patients were considered at risk for outcome beginning on day 181 of dialysis and continuing until death, transfer of care away from the LDO (including voluntary withdrawals), modality change (including transplant, recovery of renal function), or the end of the study period (December 31, 2009). Because outcome data were ascertained from Medicare claims files, inclusion was limited to patients with Medicare Part A primary insurance.
IDH was defined as patients having at least one treatment during the period dialysis day 91 to dialysis day 180 that met both of the following criteria: a fall in systolic BP of $20 mmHg from predialysis to nadir intradialytic levels (3), accompanied by at least two responsive measures (reduction in ultrafiltration rate, reduction in HD blood flow rate, saline administration, or premature cessation of dialysis according to guidelines).
Absolute IDWG was defined as predialysis weight from one treatment minus postdialysis weight from the prior treatment. This represents fluid accumulation between dialysis treatments (1 kg of weight gain for approximately 1 liter of fluid accumulated). Each patient's mean value was calculated over dialysis days 91-180. Relative IDWG was defined as a percentage of postdialysis weight. This measure described the amount of fluid accumulated between dialysis treatments as a function of the patient's body size. Each patient's mean absolute and relative IDWG was calculated over dialysis days 91-180.
Outcomes were defined based on claims data from the USRDS. Patients were considered at risk beginning on day 181 of dialysis and continuing until death, transfer of care away from the LDO (including voluntary withdrawals), modality change (including transplant, recovery of renal function), or end of the study period (December 31, 2009). Outcomes included the following: all-cause mortality; CV mortality (death attributed to myocardial infarction, atherosclerotic heart disease, cardiac arrhythmia, congestive heart failure, cardiomyopathy, cardiac arrest, valvular heart disease, pulmonary edema, cerebrovascular accident including intracranial hemorrhage, or ischemic brain damage/ anoxic encephalopathy); myocardial infarction; hospitalization for heart failure/fluid overload, composite heart failure/ fluid overload hospitalization, or CV mortality; major adverse cardiac events (MACEs), including nonfatal myocardial infarction, nonfatal ischemic stroke, and CV death; MACEs+ (events comprising MACEs as well as arrhythmia, nonfatal hemorrhagic stroke, or hospitalization for heart failure); and hospitalization for atrial fibrillation.
Baseline cross-sectional associations were estimated for each exposure with demographic factors and comorbid conditions to estimate the burden of illness that might confound associations with outcomes by t testing and chi-squared testing as dictated by data type. Associations between exposures and outcomes were estimated using proportional hazards Figure 1 . | Schema depicting timing of study periods.
regression. Estimation was done on a crude basis as well as adjusted for baseline differences in demographic and comorbid conditions.
Results
A total of 39,497 patients receiving treatment between January 1, 2007, and December 31, 2008, were considered in this study. These patients are characterized in Table 1 BPs were considered for patients over dialysis days 91-180 of the exposure assessment study period. During this baseline assessment phase, 31.1% of patients experienced IDH at least once. When an alternative definition of IDH was considered based on the same BP change plus one responsive measure (rather than two), 90.4% of patients experienced IDH during the assessment period (data not shown). Because this proportion of patients was grossly inconsistent with clinical experience, the alternative definition was not considered in subsequent analyses.
Mean predialysis systolic BP was greater among patients with IDH than controls (150.9 mmHg versus 146.8 mmHg, respectively), postdialysis systolic BP was similar (141 mmHg in both groups), and nadir intradialytic systolic BP was lower for those with IDH (113.4 mmHg versus 115.4 mmHg). Mean predialysis diastolic BP was higher for patients with IDH than controls (78.9 mmHg versus 76.9 mmHg), postdialysis diastolic BP was the same for both groups (74 mmHg), and nadir intradialytic diastolic pressure was lower for patients with IDH (64.5 mmHg versus 65.1 mmHg).
Event rates for outcomes of interest during the at-risk period (on or after dialysis day 181) are provided in Table 2 . Hospitalizations for heart failure/volume overload occurred at a rate of 243.9 events/1000 patient-years. All-cause mortality occurred at a rate of 141.9 deaths/1000 patient-years, CV mortality at 55.8 deaths/1000 patient-years, MACEs (including nonfatal myocardial infarction, nonfatal ischemic stroke, and CV death) at 107.7 events/1000 patient-years, and MACEs+ (plus arrhythmia, nonfatal hemorrhagic stroke, and heart failure) at 325.0 events/1000 patient-years. The median duration of study over the at-risk period varied according to outcome; for all-cause mortality, the median follow-up was 398 days (interquartile range, 231-602 days). Table 3 provides a cross-sectional analysis of absolute and relative IDWG and IDH at baseline. Results demonstrated a potent and statistically significant association between IDH and IDWG (P,0.001). This was true for both absolute IDWG, which was defined as predialysis weight from one treatment minus postdialysis weight from the prior treatment, and relative IDWG, defined as a percentage of postdialysis weight. When IDWG metrics were considered dichotomously, 30.32% of patients with IDH experienced IDWG$3 kg compared with 24.67% of patients without IDH (P,0.001). When expressed as a relative value, 40.33% of patients with IDH had relative IDWG$3.5% compared with 35.61% of patients who did not experience IDH (P,0.001). Figure 2 displays the prevalence of IDH as a function of relative IDWG. IDH was incrementally greater with greater IDWG. According to this analysis, IDH was least prevalent in patients who experienced relative IDWG,3%. Upon adjustment for baseline differences in age, race, sex, cause of ESRD, prior renal transplant, access type, uncontrolled hypertension, prevalent diabetes, heart failure, myocardial infarction, atrial fibrillation, and cerebrovascular disease (ischemic/hemorrhagic stroke or transient ischemic attack), the magnitude of association between IDH and outcomes was potentiated. Significant associations were observed of IDH with all-cause mortality (1.07 [1.01 to 1.14]), myocardial infarction (1.20 [1.10 to 1.31]), hospitalization for heart failure/volume overload (1.13 [1.08 to 1.18]), composite hospitalization for heart failure/volume overload or CV mortality HF, heart failure; CV, cardiovascular; MACE, major adverse cardiovascular event; 95% CI, 95% confidence interval. a At-risk period began on dialysis day 181 and continued until death or censoring (as described in the text). b CV deaths defined as those attributed to myocardial infarction, atherosclerotic heart disease, cardiac arrhythmia, congestive HF, cardiomyopathy, cardiac arrest, valvular heart disease, pulmonary edema, cerebrovascular accident including intracranial hemorrhage, or ischemic brain damage/anoxic encephalopathy. c MACE is nonfatal myocardial infarction, nonfatal ischemic stroke, and CV death. d MACE+ is MACE plus arrhythmia, nonfatal hemorrhagic stroke, and HF. Findings were not significant for CV mortality or atrial fibrillation. When patients were subcategorized based on the frequency of IDH measured during the exposure assessment period, a dose-response association was observed for most outcomes. This was most apparent for MACEs, MACEs+, hospitalizations for heart failure and volume overload, and the composite measure for heart failure/volume overload, and CV mortality (Table 4) .
Discussion
This retrospective study found a significant association between IDH and IDWG and that IDH was associated with CV events. These findings could have widespread implications in the treatment of patients with ESRD undergoing HD, considering that IDH is estimated to occur in 20%-30% of all dialysis treatments (depending on the definition used for IDH) (4) , and that IDWG has been shown to increase the risk of CV events and mortality (10, 11) .
According to the USRDS, 37.9% of deaths among incident HD patients and 42.3% among prevalent HD patients are due to CV disease, including acute myocardial infarction, congestive heart failure, arrhythmia and cardiac arrest, cerebrovascular accidents, and other cardiac and vascular disease (1) . Individuals with CKD have up to a 10-to 20-fold greater risk of cardiac death than age-and sex-matched controls without CKD (12, 13) .
Preventing or controlling for hypertension can reduce CV risk in the general population. Strict BP control, however, is challenging in the ESRD population, and the relationship between IDH and predialysis and postdialysis BP is complex (9, 14) . One study examined strict control of BP to minimize the risk of hypertension. The researchers found that patients had higher rates of IDH at dialysis centers that achieved postdialysis BP targets (130/80 mmHg) than patients at clinics that did not achieve these targets (15) .
A possible explanation is the relationship between IDH and myocardial stunning. Myocardial stunning refers to transient abnormalities in cardiac regional wall motion that occur in the presence of coronary hypoperfusion. Because coronary flow is dependent on central arterial pressure, rapid reductions in BP predispose to myocardial stunning, which has been shown to be predictive of CV events. Burton et al. found that 28% of patients with evidence of myocardial stunning died within a year, whereas those without evidence of myocardial stunning had a 100% survival rate for the same time period. They also found that myocardial stunning occurred in 60% of their HD patients and that myocardial hypoperfusion may lead to repeated episodes of subclinical hypoxic damage to the myocardium, as evidenced by intradialytic troponin leak; this has also been associated with adverse outcomes (16) .
At baseline, there was a statistically significant association between IDWG and IDH; compared with patients with lower IDWG, greater IDWG (both absolute and relative) was associated with a higher likelihood of IDH. It is presumed that greater IDWG may predispose patients to IDH by virtue of a greater implied volume of fluid that must be removed in a fixed period. This clinic and patient-centered challenge is evident in this study because when further adjustments were made for dialysis session length, associations between IDH and outcome risks were unchanged. However, in many instances, dialysis session length is limited by patient symptoms. Davenport et al. found that 7% of all treatments were complicated by symptomatic hypotension and that this was more common in patients with large IDWG and lower predialysis BPs and pulse pressures (15) . Using a different operational definition (.30 mmHg decrease in systolic BP to ,90 mmHg), Sands et al. observed that IDH occurred in 17.2% of dialysis treatments (17) . And as we found, IDH in their study was strongly associated with risk of hospitalization and death compared with patients who did not experience IDH. IDH definitions that include symptoms largely preclude large-scale study because symptoms data are not captured in large data sets.
In prior studies, the operational definition of IDH has varied widely; definitions have considered combinations of variables such as decreases in BP during dialysis, nadir BP with respect to prespecified thresholds, symptomatology, and therapeutic responses. We selected our operational definition to be closely aligned with KDOQI guidelines and because it is readily applied to data commonly available in large clinical data sets. As such, it is possible that IDH defined else wise may be more potently associated with outcomes; to the degree that this is true, our estimates are conservative. Additional study is needed to identify the optimal definition of IDH. In this study, IDH was associated with a higher risk of heart failure, composite heart failure/CV mortality, myocardial infarction, and all-cause mortality (P,0.001). This observation supports earlier research showing a higher mortality risk with IDH. Shoji et al. found that the lowest intradialytic systolic BP was a significant risk factor for higher mortality and that intradialytic diastolic BP,59 mmHg was associated with a significantly higher risk of death from CV and cerebrovascular disease (7) . This effect has also been seen in patients who experience perioperative hypotension (18, 19) and peripartum hypotension (20) . However, given the alarmingly high prevalence of hypotensive events and the poor underlying CV substrate for many dialysis patients, the relationship between hypotension and mortality may be more important for dialysis patients. Although no significant association was seen for IDH with CV mortality or atrial fibrillation, point estimates for atrial fibrillation were in the direction of higher risk.
It was previously demonstrated that patients who shorten their dialysis sessions have worse outcomes (13) . The mechanisms for this phenomenon are unknown, although it may be related to inadequate fluid removal and greater IDWG. It is likely that longer dialysis treatments provide enhanced solute clearance beyond what is reflected by clearance of urea. It is also possible that prolonged dialysis sessions allow ultrafiltration to proceed slowly and in a manner that improves BP control and allows for consistent dry weight achievement (11) .
We were able to demonstrate that greater IDWG is associated with a greater risk of IDH, likely as a result of the implied cyclical changes in extracellular volume. However, IDH is probably multifactorial. Unfortunately, available data precluded study of the effects of dialysis sodium concentration and dialysate temperature, both of which may also affect IDH (21) . Furthermore, prior studies indicate that fluid status with respect to extracellular euvolemia may be an important determinant in IDH (22, 23) . In time, emerging technologies may enable real-time consideration of volume status to ameliorate IDH and downstream CV events. These technologies are not currently routinely used in the United States (and therefore could not be studied here). To date, analyses regarding the effect of such technologies have yielded mixed findings, possibly based on differences in protocolized responses to IDH. Further study is needed to optimally translate data on extracellular volume into clinical responses (23) .
Observational analyses are valuable tools for studying population-level trends using real-world data derived from clinical patient databases; however, they have limitations. A limitation to our study is that residual urine output was not captured in the clinical database studied, and incident patients with urine output would have attenuated IDWG. It is reassuring, however, that the association between IDH and outcomes was constant over time and statistical tests for time3IDH interaction were nonsignificant (data not shown). In addition, our study did not consider the effects of oral medications to treat hypertension among patients with IDH. We feel that adjusting for antihypertensive medications, such as b-blockers, would implicitly assume effects on IDH, and analytical reparations for cardioprotective medication use might systematically bias findings. The nature of these study limitations demonstrates the need for prospective studies designed to examine cause and effect. Looking forward, clinical trials are needed to determine whether amelioration of IDH improves patient outcomes. Such investigations may focus on patient sodium exposure from dialysate and diet or other strategies to mitigate IDWG. Current studies are looking at biofeedback or medication to control BP during dialysis, dialysate cooling, and increasing the frequency of dialysis to lower ultrafiltration rates and volumes (4, (24) (25) (26) .
